Abstract-The use of a larger bandwith in the millimeter wave (mmWave) spectrum is one of the key components of next generation cellular networks. Currently, part of this band is allocated on a co-primary basis to a number of other applications, such as the fixed satellite services (FSSs). In this paper, we investigate the coexistence between a cellular network and FSSs in a mmWave scenario. In light of the parameters recommended by the standard and the recent results presented in the literature on the mmWave channel model, we analyze different BSs deployments and different antenna configurations at the transmitters. Finally, we show how, exploiting the features of a mmWave scenario, the coexistence between cellular and satellite services is feasible and the interference at the FSS antenna can be kept below recommended levels.
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I. INTRODUCTION
One of the primary contributors to global mobile traffic growth is the increasing number of wireless devices that are accessing mobile networks. Each year, several million new devices with different form factors and increased capabilities are being introduced. Over half a billion (526 million) mobile devices and connections were added in 2013 and the overall mobile data traffic is expected to grow to 15.9 exabytes per month by 2018, nearly an 11-fold increase over 2013 [1] . One of the most promising technologies to support the fast growing demand of high rate connectivity in next generation mobile cellular networks is the use of wide bands in millimeter wave (mmWave) frequency ranges. In particular, cellular allocations today are largely constrained under 6 GHz but it will be possible to obtain a spectrum 200 times greater by exploiting the frequencies between 20 and 300 GHz.
Recent studies demonstrate the feasibility of mmWave mobile communications using multiple antenna arrays in conjunction with adaptive beamforming in order to compensate far propagation losses at high frequencies [2] . Some experimental results obtained using a prototype developed by Samsung are reported in [3] . The small wavelengths of these frequencies (in fact, of the order of 10 −3 m) allow to use large arrays of antennas to support directional beams to the users. A hybrid analog-digital beamforming scheme that exploits the mmWave channel and an antenna array with a low implementation complexity is presented in [4] , and several measurements and capacity studies recently performed in New York City at 28 and 73 GHz are presented in [5] . These studies are used in [6] [7] to develop statistical channel models including pathloss, number of spatial clusters, angular dispersion and outage probability. In general, even in non-line-of-sight scenarios, strong signals can be detected 100 to 200 m from the base station (BS) and spatial multiplexing can be supported. Similar channel models based on indoor and outdoor measurements are presented in [8] .
One of the candidate bands for the deployment of mmWave cellular mobile networks is the portion of spectrum between 17 and 30 GHz. Currently, part of this band is allocated on a co-primary basis to fixed services (FSs), cellular network backhaul, and fixed satellite services (FSSs) [9] . FSS is the official classification for geostationary communications satellites that provide, for instance, broadcast feeds to television stations, radio stations and broadcast networks. The FSS uplink (from FSS to satellite) is allocated in the band from 27.5 to 30 GHz and the downlink (from satellite to FSS) is allocated from 17.3 to 21 GHz [10] . Fig. 1 shows the spectrum allocations of the FSSs and high density FSSs (HDFSS) designated by the International Telecommunication Union (ITU) [10] . Therefore, it is important to study the possible coexistence between FSSs and mmWave cellular base stations (BSs) in order to preserve the functionalities of the satellite services. ITU investigated the spectrum sharing between FSSs and IMT-advanced systems in the frequency band from 3.4 to 6.4 GHz considering the devices as primary and secondary users respectively [11] [12] . The aim of these works is to evaluate the interference at the FSS and to design possible interference mitigation techniques able to guarantee a minimum signal to interference ratio (SIR) at the primary user. Several techniques can be applied to mitigate the interference towards the FSS and improve the BS-FSS coexistence. Some cognitive Sat-Coms underlay, interweave and database related techniques to manage the BS-FSS interference are presented in [13] . An interference mitigation technique based on a nullsteering multi-user multiple-input-multiple-output (MU-MIMO) spatial division access scheme for frequency sharing between an IMTadvanced system and FSSs is proposed in [14] . A study on the separation distance between geostationary satellite communications (GSO) and terrestrial network in Ka band that guarantees a fixed interference to noise level (I/N) at the primary receiver is presented in [15] . A transmit beamforming technique at the BS to maximize the signal to interference plus noise ratio (SINR) towards the desired secondary user and to mitigate the interference towards the primary satellite terminals is proposed in [16] .
Differently from this literature, in our work we study the coexistence between FSSs and mobile cellular BSs in the mmWave bands. In particular, we consider the parameters and the FSSs radiation pattern provided by the ITU and the channel models provided by the literature in these frequency bands. We analyze the level of I/N at the FSS considering various multiple antenna configurations at the BS and different deployments of the mobile transmitters when no cooperation is allowed between the BSs. In particular, starting from the lower bound, represented by an omnidirectional configuration of the transmitters, we extend our work to the analysis of large antenna arrays that will be used in the new generation of mobile cellular systems. Finally, we show that exploiting a large number of antennas at the BSs and properly setting the protection distance between FSS and mobile BS, coexistence between the two systems is feasible.
The paper is organized as follows. Section II describes the model considered, focusing on the standard system parameters used in the analysis and Section III gives the performance evaluation for the different scenarios considered. Finally, conclusions and future works are drawn in Section IV. Remark: Throughout the paper, we use boldface letters for vectors and matrices, and we denote with (·)
T the conjugate transpose.
II. SYSTEM MODEL In this paper we consider the frequency allocation at 18 GHz that corresponds to the downlink band of the FSS system. The scenario is depicted in Fig. 2 . We define as primary link the transmission from the satellite to the FSS while as secondary link the connection from a cellular BS to a mobile user equipment (UE) is considered. An additional interfering link is present from the BS to the FSS. A scheduling algorithm for this scenario has been proposed and studied in [17] .
We can compute the interference (on a log scale) generated on such a link by BS n to the FSS as
where P BS is the BS transmission power, G F SS (φ) is the FSS antenna gain in the direction φ, G BS is the BS antenna gain, φ is the angle between the main FSS antenna lobe and BS n, and L(d) is the pathloss component at distance d, which in turn is the FSS-BS distance. The FSS antenna gain is computed as a function of the offboresight angles, which can be calculated using the model in [18] . Considering ϑ as the azimuth of the BS w.r.t. the FSS Rx main lobe, the off-boresight angle φ of the BS towards the FSS can be calculated as
where α is the FSS elevation angle and is computed as:
where h s and h t are the heights of the BS and the FSS in meters, respectively, while r is the effective Earth radius (≈ 8.5 · 10 6 m). The FSS off-boresight antenna gain pattern in dB can be computed as [19] :
• where G max is the main beam axis FSS antenna gain. Since mmWave channels are expected to have limited scattering, we adopt a double-directional geometry based stochastic model with L scatterers [20] . Assuming N U E antennas at the UE and N BS antennas at the BS the N U E × N BS channel matrix H can be computed as
where α is the complex gain of the th path and γ U E , γ BS ∈ [0, 2π] are uniformly distributed random variables that represent the angles of arrival and departure, respectively. Finally, a U E and a BS are the antenna array responses at the UEs and BSs respectively. Assuming uniform linear arrays, a BS can be written as
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where D is the distance between antennas. Similarly, a U E can be computed by substituting N BS and γ BS in (5) with N U E and γ U E , respectively. We assume that the BS antenna gain in dB is
where G omni is the conventional antenna gain when no beamforming techniques are applied and G BF is the beamforming gain. In this work, we adopt an RF beamforming where the gain is obtained by controlling phase and magnitude of the input signal to each antenna to form a directional beam in a particular direction. In order to reduce the system complexity, we assume that the BS can select the beam configuration within a predefined beam codebook with cardinality N t that uniformly covers the azimuth directions around the BS. In particular, the codebooks at the transmitter and the receiver are formed by N t and N r weight vectors {v 1 , ..., v Nt } {w 1 , ..., w Nr } of sizes N BS and N U E , respectively. Each vector is computed as v i = a(ρ i ) and w k = a(θ k ) where ρ i and θ k are the azimuth angles for the i-th transmit RF beam and k-th receive RF beam. We assume a multiple-input-single-output (MISO) scenario, in which the beamforming gain in the direction of the FSS antenna is:
where v i is the beamforming precoding vector selected by the BS and h F SS is the channel matrix between the BS and the FSS.
Recommendation [21] indicates that interference from fixed service systems should not cause the BER to exceed 10
for more than 0.03% of any month nor cause the BER to exceed 10 −3 for 0.005% of any month. These interference allowances, in terms of percentage of system noise, can be converted into corresponding values of I/N. For this percentage of time, referred in the literature as "short term" interference, the corresponding I/N values are equal to −2.4 and 0 dB, respectively. To evaluate the level of interference at the FSS we consider a "long term" interference criterion that refers to a percentage of time greater than 20%. In this case, recommendation [21] allows an interference level equivalent to 10% of the clear-sky satellite system noise that would give rise to a BER of 10 −6 . The recommended I/N value is computed in [22] and is equal to −10 dB.
A. Scenarios Considered
We evaluate the interference at the FSS using three different scenarios.
In the first scenario we consider a single BS equipped with one omnidirectional antenna to evaluate the impact of the BS position and the elevation angle on the interference at the FSS. In this case, the BS antenna gain is given only by the omnidirectional component.
In the second scenario, we evaluate the aggregate interference from multiple omnidirectional BSs deployed in circular tiers around the FSS with fixed inter-site distance. The interference at the FSS is given by the sum of all the BS contributions that depend on the transmitter positions and on the FSS elevation angle. We define as protection distance d p the distance from the FSS and the first tier of BSs. The scenario is depicted in Fig. 3 . In the third scenario, we consider multiple directional BSs. In this case, the BSs, deployed as in the previous scenario, are equipped with multiple antennas and an RF beamforming scheme is adopted to serve the single antenna UEs. The users are randomly distributed within the BS coverage area and each BS selects one user at a time. The precoding beam vector is selected by each BS within the predefined beam codebook to maximize the SNR at the UE selected. We assume that the user scheduling and the beamforming selection are performed in a distributed manner among the BSs without any cooperation or signalling for interference coordination.
III. PERFORMANCE EVALUATION
In this section, we describe the results obtained for the scenarios presented in the previous section. We assume that the total downlink bandwith is 500 MHz and the BSs allocate the power uniformly over this bandwith. The pathloss model is given exploiting the results presented in [8] on the mmWave band. Assuming a system effective noise temperature T equal to 300 K, the one-sided noise power spectral density value results equal to N 0 = kT = −143.82 dBW/MHz, where k is the Boltzmann constant. The detailed system parameters are reported in Table I . All the evaluations have been performed using a customized MATLAB simulator.
A. Single omnidirectional BS
In Fig. 4 , we evaluate the region around the FSS where a single omnidirectional BS can be placed without causing I/N to go above the recommended threshold. In particular, the graph shows the contour of the "−10 dB region" that represents the area where a single omnidirectional BS generates an amount of interference at the FSS higher than the regulatory requirements. We evaluate the regions obtained with a pico BS, P BS = 30 dBm and with a macro BS, P BS = 43 dBm, considering the • . As expected, the −10 dB area extension is proportional to the BS power. Moreover, the interference depends on the FSS elevation angle, in particular the higher the α the lower the interference at the FSS.
B. Multiple omnidirectional BSs
In the next simulations, we evaluate the interference at the FSS when more omnidirectional pico BSs are deployed around the FSS. In the first simulation, we consider the worst case scenario when one BS within every tier of BSs is placed in the direction of the maximum FSS antenna gain, i.e., ϑ = 0
• , and the others are placed accordingly with a fixed intersite distance d i . Considering the expected cell coverage in next generation cellular networks [5] we assume d i = 500 m. • the recommended value is reached for d p = 2000 m. As expected, considering more BSs circles the interference at the FSS increases but the effects of the more distant BSs circles become negligible due to the high pathloss. Then, in the next evaluations, we restrict the value of N r to 3 or 5. Fig. 6 shows the cumulative distribution function (CDF) of I/N when the BSs are deployed randomly over the circles around the FSS. We consider five tiers of BSs and two fixed protection distances for each value of the elevation angle. The intersite distance between the BSs is fixed as in the previous simulation. The results are obtained via Monte Carlo simulation with several runs per configuration where in each run the BS positions are changed. Firstly, we note that since the radiation pattern shape depends on α, the higher the FSS elevation angle the lower the interference generated to the FSS and so the I/N level. In general, for the d p values considered the interference requirement is never met.
C. Multiple directional BSs
In Figs. 7, 8 , and 9 we evaluate the interference at the FSS exploiting an analog beamforming scheme at the BSs that maximizes the user capacity. We consider a random scheduling pattern of the users. the number of antennas is increased, the directional beams become narrower and the interference due to the side lobes decreases. Also, the interference towards the FSS decreases with the number of antennas at the BSs. Besides, we note that the interference due to a small elevation angle can be compensated by using a larger antenna array. In general, beamforming schemes can reach a considerable improvement in comparison with the omnidirectional BSs case. Fig. 8 shows the CDF of I/N when the number of antennas is set to 16 and the BSs are randomly placed around the FSS over three tiers. Using this configuration, we notice that it is possible to satisfy the standard recommendation constraints adopting a protection distance of 1500 m for an elevation angle equal to 
30
• . We emphasize that user scheduling and beam selection are completely unaware of the interference at the FSS since no communication is assumed between the devices. The results of a similar evaluation are reported in Fig. 9 increasing the number of antennas at the BSs to 64. We note that the required protection distance with α = 30
• is reduced to 500 m and the regulatory requirement can be satisfied also for α = 10
• with d p = 1500 m. Fig. 10 shows the impact of the BSs intersite distance on the interference at the FSS. In this evaluation we set N a = 16, d p = 1500, N r = 3 and α = 30. As expected, decreasing the intersite distance, the BS density around the FSS increases, thus generating higher interference at the FSS. The BSs density is then another key parameter to design the network in order to preserve the FSS functionalities.
IV. CONCLUSIONS AND FUTURE WORK
In this paper, we investigated the coexistence feasibility of FSSs and cellular BSs in a mmWave scenario. We evaluated the I/N at the FSS considering standard parameters and different BS deployments and configurations. In particular, we studied single and aggregate interference scenarios with a random multi-tier distribution of the BSs. Moreover, we analyzed the impact of the introduction of an RF beamforming scheme at the transmitters with the assumption of no interaction among FSS and BSs. From the results obtained, it appears that exploiting the characteristics of the mmWave scenario, such as high pathloss and large antenna arrays, the coexistence of FSSs and BSs in the same area is possible. Moreover, parameters such as the BS density, the protection distance and the FSS elevation angle became crucial in the network deployment to guarantee the FSS functionalities.
As future work, we intend to develop possible distributed cooperative algorithms of beamforming and scheduling among the BSs to mitigate the interference at the FSS. Finally, more complex scenarios such as heterogeneous networks and more realistic BSs deployments could be considered.
